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ABSTRACT 
 
Industrial coatings are applied for their aesthetic appeal and ability to 
protect the underlying substrate material from the environment. The indication of 
coating flaws for correction becomes more important for coatings operating in 
extreme environments. Visual indication coating damage can aid in quickly 
locating and repairing damage before the underlying substrate degrades or fails. 
In this work, fluorescent damage indication was achieved with a dual capsule 
system embedded in an epoxy coating. Fluorescamine, a turn-on fluorescent 
indicator chosen for selectivity towards primary amines, and an amine based 
epoxy curing agent were separately encapsulated and incorporated into an 
epoxy coating. When mechanical damage ruptures both capsules, fluorescamine 
instantly reacts with primary amines to develop a bright blue fluorescence. This 
dual capsule system holds the promise of creating a smart coating with damage 
sensing and autonomous self-healing.  
Clear epoxy coatings with various concentrations of indicator and amine 
capsules were deposited onto glass slides and scratched with a razor blade. A 
coating containing an even distribution of 5 wt% indicator capsules and 5 wt% 
amine capsules achieved the most consistent indication performance. Using the 
same capsule concentration, an epoxy coating with carbon black as a pigment 
was used to dye the epoxy matrix. Damage indication in the pigmented coating 
performed similarly to the clear epoxy coating. Another coating consisted of two 
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distinct layers, where clear epoxy with embedded microcapsules was covered 
with an acrylic spray paint. When scratched, fluorescent indication response was 
considerably muted when compared to a clear epoxy coating.   
Indication of low velocity impact damage to glass fiber composite coupons 
was also achieved with this system. Fluorescence was present where the impact 
tup contacted the smart coating on the specimen top surface. The back surface 
suffered micro-cracks and delamination but did not fluoresce due to poor mixing 
of indicator and amine in the damage region.   
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CHAPTER 1: INTRODUCTION 
 
1.1 Background 
Industrial coatings provide considerable economic value by beautifying 
and protecting a wide range of consumer and industrial products.1 These 
coatings must be able to resist huge temperature fluctuations, intense ultraviolet 
exposure, changes in pressure and humidity, chemical attack, corrosion and 
abrasion. Coatings must continue to evolve as materials are required to survive 
in more extreme environments. 
Polymer coatings create a thin film between a substrate material and the 
surrounding environment for the purpose of aesthetics, protection or other 
functions. These coatings are primarily applied for their protective properties. 
Common polymer coatings include alkyds, acrylics, epoxies, polyurethanes and 
polyesters.  
An epoxy coating was chosen for this study as epoxy is used in a wide 
range of applications, such as protection of metal and concrete structures, 
electrical components, fiber reinforced composites, structural adhesives and 
much more. Epoxy coatings are formed by the curing reaction of epoxide pre-
polymer resin and co-reactants. Introduction of a co-reactant, such as 
polyfunctional amines, acids, phenols, alcohols and thiols, initiates crosslinking of 
the epoxide. The selection of the two components and mix ratio greatly 
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influences mechanical and thermal properties, film uniformity, chemical 
resistance, substrate adhesion and environmental suitability.2 
The majority of coatings include additives, or insoluble particulates that 
enhance coating properties or function. Color pigments are used to dye the 
coating a specific color and absorb ultraviolet light. Metallic zinc powders are 
commonly included in coatings for their anticorrosion properties.3 Fillers improve 
mechanical, thermal and barrier properties simply by occupying volume in a 
coating. 
Once a coating is applied by spray, brush or another method, the coating 
undergoes film formation. Film formation is the process of curing a low viscosity 
liquid to form a solid, high molecular weight cross-linked polymer film. The solid 
film is what possesses the desired properties and ranges in thickness from 0.5 to 
500 micrometers. Coatings are rarely ever one layer, usually consisting of a 
primer, intermediate coat and top coat. The primer is the thinnest layer and 
primarily promotes good adhesion between the substrate and intermediate layer.  
The intermediate layer creates a protective barrier between the environment and 
the substrate while the top coat provides chemical resistance and an 
aesthetically pleasing look.  
 
1.2 Coating and Substrate Failure 
Careful consideration of environmental conditions, substrate type and 
anticipated damage modes must be taken into account when choosing a polymer 
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coating. Coatings are the primary form of protection provided to many substrates 
that operate in destructive environments. Coating damage is usually the first step 
toward damage or failure of the substrate. Defects are sometimes introduced 
when coating application procedures are improperly followed. Mechanical 
damage in the form of a scratch or impact can occur during transportation, 
handling and installation of coated parts. A poorly chosen coating or an 
especially harsh environment can wear away a protective finish over time, thus 
prematurely exposing the substrate. In time, the coating will become damaged 
and require inspection or repair to ensure the part does not fail. 
When a coating becomes damaged, the barrier separating the underlying 
substrate from the hostile environment is removed. While a coating is capable of 
surviving in harsh environmental conditions for an extended period of time, an 
exposed substrate will quickly degrade. Substrate damage can manifest itself in 
many ways, leading to a loss of mechanical properties, decreased efficiency, 
dangerous operating conditions or failure. When the coating fails, ultimately the 
substrate fails. 
Corrosion is the most common form of damage that metal structures, such 
as pipelines and bridges, will experience.4–7 Polymer coatings exposed to 
ultraviolet light from the sun will quickly form cracks and disintegrate due to the 
formation of free radicals in the polymer chain.8 Microbial contamination from 
handling water and oil leads to losses in efficiency, health hazards and 
corrosion.9,10 Structures exposed to high temperatures for extended periods of 
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time are likely to experience fatigue, creep, oxidation or erosion.11,12 Chemical 
degradation from acids and alkali and mechanical damage are constant threats 
to any substrate. All of these damage modes are either prevented or mitigated 
with the correct coating. 
  
1.3 Opportunity for Damage Indication 
When a coating can no longer provide adequate protection, the substrate 
becomes exposed to the environment and will quickly degrade. A severely 
damaged coating or part is easily noticed but the damage is already done. 
Extensive damage requires laborious repair or replacement of the part. Rather, 
locating the onset of damage in a coating would provide an opportunity to 
perform maintenance before more significant substrate damage occurs. 
Smart coatings are a new class of high performance coatings that are 
designed to have additional functionality beyond the standard industrial coating.13 
These coatings are able to sense and react to their surrounding environment in 
specific, predictable ways without any human intervention. Self-healing and 
damage indication are two examples of additional functionality that a smart 
coating can have beyond mere barrier properties. As companies choose to 
operate in more extreme conditions, smart coatings are one possible way to 
ensure reliability in the field. 
  Locating subtle coating damage can be difficult, especially when a large 
surface area requires inspection. A smart coating that can autonomously induce 
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a color change or fluorescent signal in response to a damage event would assist 
in quickly locating that damage. Once located, the extent of damage can be 
investigated and repaired if necessary. Coating repair requires less cost and 
effort compared to more sever part damage. Maintaining a healthy coating will 
prevent damage to the underlying substrate and increase operational reliability. 
 
1.4 Objective of Current Work 
This thesis focuses on the autonomous detection of mechanical damage 
in epoxy coatings with a fluorescent indicator. Scratch and impact damage is 
reported using a dual capsule system where the first capsule contains the 
indicator while the second capsule contains the trigger (Figure 1.1). Damage to 
the epoxy coating will rupture the microcapsules, causing indicator and trigger to 
react in the damage zone. A fluorescent signal is emitted upon excitation from 
ultraviolet light, thus visually indicating where damage has occurred.  
In chapter 2, an in depth review of smart coatings is undertaken, covering 
various damage modes and indication methods. Since many smart coatings 
utilize microcapsules, a general introduction to microcapsules and their 
application are discussed. 
 In chapter 3, the materials used and experimental methods followed in this 
study are specified. Microencapsulation procedures, coating formulations, 
analysis methods and data reduction processes are all outlined in this chapter. 
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 In chapter 4, experimental results and discussion are presented. Factors 
that influence indication intensity and consistency are explored. Composite 
impact results demonstrate the indication systems’ ability to locate barely visible 
damage. 
 In chapter 5, the work in this thesis is summarized and future work 
outlined. The possibility of pairing this indication system with self-healing is 
proposed. 
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1.5 Figures 
 
 
  
Figure 1.1. Schematic of autonomous damage indication strategy. Indicator 
and amine microcapsules are evenly dispersed in an epoxy coating. Core 
solutions remain dormant until damage in the form of a crack develops in the 
epoxy matrix and ruptures capsules. Indicator and amine solutions release 
and mix in the damage region to produce a fluorophore that emits blue light 
upon ultraviolet excitation.  
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 Damage Indication 
Smart coatings are designed with extra functionality, such as self-repair, 
anti-corrosion and damage sensing, beyond the standard protective coating. A 
smart coating capable of autonomous damage sensing and reporting assists with 
structural health monitoring and provides an opportunity to detect coating or 
substrate damage. Previous research has developed coatings capable of a 
simple color change in response to corrosion14, impact damage15 and scratch 
damage.16,17 Damage indication with a simple color change is difficult to locate if 
the damage region is small or the color contrast between the dye and 
surrounding matrix is minimal.  
Many of the limitations of color changing dyes can be overcome with 
fluorescent probes. Fluorescent probes provide high color contrast from the 
surrounding coating, assist in quickly locating small damage regions and have a 
clear transition from non-fluorescent to fluorescent. Smart coatings that 
incorporate fluorescent probes directly into the coating matrix have been shown 
to indicate the early onset of corrosion in aluminum and steel substrates. These 
fluorescent probes are triggered when cathodic corrosion causes local changes 
in pH18–20 or anodic corrosion releases metal ions.21–24 Indicators incorporated 
into the coating matrix are directly exposed to harmful environmental conditions, 
which can lead to premature color change, reduced intensity or no indication.  
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Incorporating fluorescent probes into microcapsules safely sequesters 
them until capsule rupture and core release. Previous microcapsule based self-
healing systems have microencapsulated fluorescent indicators to assist with 
studying capsule release patterns.25–27 The downside is that these indicators are 
always fluorescent, as evident from capsules imaged before rupture.   
A fluorescent indicator capable of transitioning from non-fluorescent to 
fluorescent is ideal for damage indication. A triggered indicator reduces the 
probability of a false positive and can be tailored for specific damage modes. 
Dungen et al. 28 developed a smart coating capable of turn-on fluorescence for 
mechanical damage. Damaged microcapsules released a thiol that reacted with 
a rhodamine-based profluorophore embedded in a poly(methyl acrylate) film. 
Although this system demonstrated triggered fluorescence, the probe was not 
encapsulated for protection from external conditions that may degrade the dye or 
cause premature fluorescence. Thus far, to our best knowledge, no smart coating 
system has microencapsulated a turn-on fluorescent probe for mechanical 
damage indication.  
 
2.2 Microcapsules 
Many smart materials and coatings impart additional functionality via 
embedded microcapsules. Microcapsules are tiny spheres that sequester active 
chemicals and render them dormant until released from the capsule.  The 
structure of a microcapsule consists of a core, which can be liquid, solid or gas, 
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and a protective shell wall made from a variety of materials (Figure 2.1). 
Microencapsulation techniques fall into one of three categories; chemical, 
physico-chemical, or physico-mechanical process.29 In general, shell wall 
material is deposited onto the surface of core droplets to create a hard protective 
shell. Depending on the application and microencapsulation method, 
microcapsules can range in size from sub-micrometer to a millimeter in diameter. 
Bungenberg de Jong et al.30 created the first microcapsules using coacervation in 
1931.  
 Microcapsules increase the stability and lifetime of the encapsulated core 
by isolating it from the surrounding environment while providing the ability to 
release the core on demand. Schleicher and Green31 developed the first 
commercial application for microcapsules in carbonless copy paper. The 
pressure of a pen on a page causes microcapsules to break and release a pH 
sensitive dye, which stains the underlying page to replicate the written text. 
Today, microcapsules have found application in a wide range of industries. The 
pharmaceutical industry encapsulates drugs to control the rate of release inside 
the body and to mask taste or odor.32 The food industry uses microcapsules to 
extend product shelf life, incorporate nutrients without altering taste and improve 
texture.33 Microcapsules containing locking agents can be applied to tape and 
screws to significantly improve adhesion and locking.34  
 One relatively new application is the incorporation of capsules in structural 
materials and coatings. In 2001, White et al. 35 pioneered self-healing materials 
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with the first demonstration of fracture toughness restoration in an epoxy sample. 
This paper was the first example of a structural material capable of a secondary 
function beyond mere mechanical properties. Since then, researchers have 
designed smart materials capable of a variety of interesting and useful 
functions.36,37 Microcapsules are found in a variety of applications both novel and 
mundane and will continue to find new uses as encapsulation techniques 
improve. 
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2.3 Figures 
 
  
Figure 2.1. Schematic of a microcapsule consisting of a thin, protective shell 
wall surrounding a liquid, solid or gaseous core. 
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CHAPTER 3: METHODS AND MATERIALS 
 
3.1 Materials 
Ethyl phenylacetate (EPA), urea, resorcinol, ammonium chloride, 
fluorescamine (4-phenylspiro[furan-2(3H),1''-(3'H)-isobenzo furan]-3,3′-dione), 2-
ethyl-4-methylimidazole curing agent and formaldehyde solution (Formalin, 37 
w/v %) were purchased from Sigma-Aldrich and used as received. Ethylene-
maleic anhydride (EMA) copolymer (Zemac-400) powder with an average 
molecular weight of 400 kDa was purchased from Vertellus and used as a 2.5 
weight percent (wt%) aqueous solution. Diglycidyl ether of bisphenol A resin 
(DGEBA or EPON 828) was used as received from Miller-Stephenson and 
polyoxypropylenetriamine (EPIKURE 3233) curing agent was used as received 
from Chemical Marketing Concepts. Araldite LY 8604 epoxy resin and Aradur 
8604 curing agent were purchased from Huntsman Manufacturing and used as 
received. E-glass plain weave was purchased from Fibre Glast Developments 
Corporation and used as received. Carbon black was purchased from Cabot 
Corporation and Industrial Choice Rust-Oleum was purchased from Motion 
Industries.  
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3.2 Microencapsulation 
3.2.1 Indicator Capsules 
Indicator microcapsules were prepared using a process previously 
described by Brown et al.38 Urea-formaldehyde (UF) microcapsules were 
produced by in situ polymerization in an oil-in-water emulsion (Figure 3.1). The 
oil phase consisted of fluorescamine (50 mg) and EPON 828 (0.75 g) dissolved 
in EPA (15 mL). In a 200 mL beaker, the oil phase was added to the aqueous 
phase (62.5 mL) containing EMA (12.5 mL), resorcinol (0.125 g), urea (1.25 g) 
and ammonium chloride (0.125 g) at pH 3.5. The emulsion was agitated with a 
mechanical mix blade at 1000 RPM and heated to 55 °C with a ramp rate of 60 
°C min-1. Formalin (3.15 g) was added to the emulsion after 10 min. After reacting 
for 4 h at 55 °C, the microcapsules were filtered in a Buchner funnel, rinsed with 
water and allowed to air dry for 24 h. Capsules were sieved between 75 to 125 
μm in diameter. 
 
 3.2.2 Amine Capsules 
Amine microcapsules were prepared using a process previously described 
by Jin et al.39 Hollow microcapsules were produced by a poly-condensation 
reaction of urea-formaldehyde pre-polymer on air bubbles (Figure 3.2). The pre-
polymer solution was prepared by reacting urea (10.25 g) and formaldehyde 
solution (37%, 27.5 g) at pH 8 for 1 h at 70 °C. In a 600 mL beaker, the pre-
polymer solution was added to the aqueous phase (62.5 mL) containing EMA 
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(12.5 mL). The solution was agitated with a mechanical mix blade at 1800 RPM 
and heated to 35 °C with a ramp rate of 120 °C min-1. The solution pH was 
adjusted to 2 when the temperature reached 30 °C. 25 mL of warm water (30 °C) 
was added when the temperature reached 34 °C. 15 mL of warm water was 
added after 15 min and 30 min and 50 mL after 45 min and 60 min. After reacting 
for 2 h at 35 °C, the microcapsules were filtered in a Buchner funnel, rinsed with 
water and allowed to air dry for 24 h. Capsules were sieved between 75 to 125 
μm in diameter. 
Hollow microcapsules were submerged in EPIKURE 3233 curing agent 
and vacuum infiltrated for two hours. Amine filled microcapsules were filtered in a 
Buchner funnel without rinsing, yielding the final product. 
 
3.3 Coating Formulation 
Epoxy solution was prepared by mixing 100 parts EPON 828 resin with 5 
parts 5 mol% 2-ethyl-4-methylimidazole hardener. Various mass ratios of 
indicator and amine microcapsules were then incorporated into the epoxy 
solution. Epoxy coatings were deposited onto glass slides and composite 
samples using a doctor blade and cured for 2 h at 80 °C. Final coating thickness 
measured ca. 500 μm. 
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3.4 Composite Fabrication 
Composite panels were fabricated using E-glass fiber preforms (Figure 
3.3) cut to 241 mm x 241 mm in a wet hand lay-up procedure. The epoxy resin 
matrix was prepared by mixing Araldite LY 8406 resin with Aradur 8304 curing 
agent at a ratio of 100:15 and degassed for 10 minutes under vacuum before 
use. Eight batches with 40 g of epoxy were individually mixed, one batch for two 
layers of glass fabric. A total of 16 plain glass fabric layers were used for all 
samples.   
 The base of the composite panel lay-up consisted of a 254 mm x 254 mm 
square rubber mold placed on top of an aluminum plate to contain excess epoxy 
(Figure 3.4). One batch of epoxy was poured onto the tooling plate prior to 
placing the first layer of glass fabric onto the liquid resin. The first glass fabric 
layer was allowed to completely wet with resin before placing a second layer of 
glass fabric. The process of pouring one cup of resin and depositing two layers of 
fabric was repeated until all 16 layers of fabric were in place. A 280 mm x 280 
mm porous release film was placed on top of the composite layers and rubber 
mold to allow excess resin to flow in the transverse direction. Four 241 mm x 241 
mm layers of cotton bleeder cloth were placed to absorb excess resin. A second 
stack sequence of porous release film and bleeder cloth was placed. A 280 mm x 
280 mm non-porous release film was placed before completing the lay-up 
sequence with a second aluminum tooling plate.  
 16 
The composite was cured for 12 h at 50 °C under 345 kPa of compaction 
pressure. Cured composite plates were cut to 102 mm x 102 mm coupons with 
an approximate thickness of 3.2 mm.         
 
3.5 Composite Impact Test 
To mimic impact damage in the field, a drop weight test was used to 
damage composite coupons. Composite coupons were coated on both sides with 
an epoxy coating loaded with 5 wt% indicator capsules and 5 wt% amine 
capsules. Samples were inserted into the impact tower (Instron model 5984) with 
a 5 kN load cell and clamped in a circumferential configuration. Samples were 
impacted once with a hemi-spherical 25.4 mm radius tup with a mass of 4.14 kg. 
A large tup size was chosen to encourage barely visible damage, such as 
interply delamination, fiber debonding, and matrix micro-cracking, that is difficult 
to locate visually. The tup was released from a height of 246 mm to impart 10 J 
of energy into the sample.  
 
3.6 Characterization 
Optical images of dried microcapsules were captured (SteREO 
Discovery.V20, Carl Zeiss, Inc.) at various magnifications. Capsule size 
distribution was measured using ImageJ (version 1.47) with a minimum of 200 
separate microcapsules. Scanning electron microscopy (SEM, Philips XL30 
ESEM-FEG) was used to image microcapsule surface morphology and shell wall 
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cross sections. SEM images were acquired after sputter-coating the sample with 
a 7 nm layer of gold-palladium. Fluorescamine absorption and emission spectra 
were captured using ultraviolet-visual spectroscopy (UV-2401PC, Shimadzu 
Corporation) and spectrofluorometry (Fluoromax-4, Horiba Scientific), 
respectively. 
Thermogravimetric analysis (TGA Q50, TA Instruments) was used to 
measure microcapsule mass loss under a nitrogen atmosphere. For dynamic 
experiments, the mass loss was recorded during a heating cycle over the 
temperature range of 25 to 600 °C with a ramp rate of 10 °C min-1. 
Damaged epoxy coatings on glass slides and composite coupons were 
imaged using a Zeiss SteREO Discovery V20 microscope (Carl Zeiss, Inc.) and 
an Axiovert 200M inverted fluorescent microscope (Carl Zeiss, Inc.). The 
fluorescent microscope has an excitation range of 353 - 402 nm and emission 
range of 417 - 477 nm. 
 
3.7 Data Reduction 
Coatings on glass slides were scratched with a razor blade and imaged to 
capture fluorescent emission. Image analysis of fluorescent microscopy images 
was performed with Matlab to assess which coating formulation indicated the 
best. Fluorescent images of equal size were converted to grey scale using an 
intensity threshold to separate areas of fluorescence from non-fluorescence. An 
indication ratio (IR) of fluorescent pixels (Xf) to total pixels (Xt) was then 
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calculated for each image. Each indication ratio was normalized (Equation 3.1) 
between zero (least fluorescent image, Imin) and one (most fluorescent image, 
Imax) for comparison and plotting.  
 
I II '
I I
−
=
−
R min
R
max min  
  
(3.1)
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3.8 Figures
 
 
 
Figure 3.1. Encapsulation procedure for the preparation of indicator capsules. 
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Figure 3.2. Encapsulation procedure for the preparation of hollow capsules for 
amine infiltration. 
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 Figure 3.3. Optical image of plain weave E-glass fiber preform. 
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Figure 3.4. Lay-up sequence for the fabrication of composite impact coupons. 
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CHAPTER 4: RESULTS AND DISCUSSION 
 
4.1 Introduction 
In this chapter, the autonomous mechanical damage reporting concept 
described in Figure 1.1 is evaluated. A turn-on fluorescent probe and amine 
based curing agent are separately encapsulated and incorporated in an epoxy 
coating. Core solutions are safely sequestered and remain dormant inside the 
microcapsules until released. Crack or impact damage to the surrounding epoxy 
matrix will rupture the embedded microcapsules, which causes indicator and 
amine to release and mix in the damage zone. The indicator reacts with amine to 
transition from a state of non-fluorescence to fluorescence. Upon excitation with 
ultraviolet light, damage regions emit blue fluorescent light. The indicator assists 
in locating and evaluating the extent of coating damage. 
Fluorescamine (Figure 4.1 a) is selected as the indicator, which is reacted 
with a triamine (EPIKURE 3233, Figure 4.1 b). Fluorescamine is originally a 
clear, non-fluorescent probe that selectively becomes irreversibly fluorescent in 
the presence of primary amines (Figure 4.2 a). Fluorescent intensity 
measurements show a significant change in emission of the probe after the 
introduction of primary amine (Figure 4.2 b). Triggered fluorescamine solution 
has absorption and excitation peaks at 375 nm and 475 nm, respectively (Figure 
4.3). The indicator is commonly used in biological applications to detect amino 
groups in peptides, proteins and amino acids.40,41  
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Compared to other smart coatings, our dual capsule system is originally 
colorless and non-fluorescent. Fluorescamine selectively becomes fluorescent 
when the coating is mechanically damaged. This system is also compatible with 
our previous dual capsule self-healing chemistries and has the potential for 
autonomous healing and damage indication. 39,42 
 
4.2 Microencapsulation of Fluorescamine and Amines 
For mechanically triggered fluorescent damage indication, amine sensitive 
fluorescamine and amine curing agents were separately encapsulated. 
Fluorescamine microcapsules were prepared by in situ polymerization of UF with 
core liquid containing EPON 828 and fluorescamine in EPA. Images of indicator 
capsules (Figure 4.4) show well-formed and intact capsules with an average 
diameter of 102.4 ± 17.2 μm. The capsules have a rough appearance resulting 
from UF nanoparticles deposited on the surface of the smooth inner shell wall. 
With a shell wall thickness ca. 250 nm, indicator capsules are strong enough to 
survive the coating manufacturing process.   
Hollow UF microcapsules for amine infiltration were synthesized at the 
bubble/water interface. Images of hollow microcapsules prior to infiltration (Figure 
4.5 a-c) show well-formed capsules with smooth shell walls. They have a shell 
wall thickness ca. 1 μm with an average diameter of 100.6 ± 21.2 μm. The thick 
shell wall allows the microcapsules to survive the infiltration process and better 
retain curing agent. Amine encapsulated UF capsules were prepared by 
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infiltrating pure amine liquid into hollow UF microcapsules under vacuum 
condition. EPIKURE 3233 curing agent was chosen for the tri-functional primary 
amine groups and ease of encapsulation. Imaging shows amine capsules (Figure 
4.5 d, e) with smooth shell walls that appear glossy due to excess amine on the 
surface.  
Microcapsules are exposed to a variety of environmental conditions that 
may damage the shell wall and prematurely release the core. Once embedded in 
a coating, capsules must also retain functionality for a long period of time until a 
trigger event occurs. Therefore, TGA was used to analyze the thermal stability of 
microcapsules. Indicator capsules show greatly improved thermal stability over 
an EPA core trace (Figure 4.6). In contrast, amine capsules show comparable 
thermal stability to neat EPIKURE 3233 but with improved stability above 250 °C 
(Figure 4.7). The lack of significant thermal improvement for amine capsules is a 
consequence of the vacuum infiltration process. A previous study has shown 
amine capsules to retain over 90% of their core contents when exposed to 121 
°C for 6 h.42 Both amine and indicator capsules are sufficiently stable beyond the 
80 °C coating cure temperature, ensuring the capsules remain intact and 
functional once embedded in the coating. 
 
4.3 Coating Results 
To investigate indication performance, epoxy coatings were loaded with 
various mass ratios of indicator capsules to amine capsules while holding total 
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capsule concentration constant at 10 wt%. To avoid residual amines in the epoxy 
matrix that may cause premature indication, an imidazole hardener (2-Ethyl-4-
methylimidazole) with a cure temperature well below the melting point of 
fluorescamine (b.p. = 153 °C) was selected. Imidazoles are common commercial 
hardeners that cure epoxy systems via an etherification reaction, yielding a final 
product with good chemical stability and heat resistance.43 
Once the coating cure cycle was complete, epoxy coatings with 
embedded indicator and amine capsules measured ca. 500 μm thick. Microscopy 
images show that both amine capsules (5 wt%) and indicator capsules (5 wt%) 
are well dispersed in the epoxy matrix without agglomeration (Figure 4.8 a, c). To 
demonstrate mechanical damage induced fluorescence, the epoxy coating was 
scratched with a razor blade. After scratching, strong blue fluorescence was 
observed along the length of the crack almost immediately (Figure 4.8 b, d). 
Undamaged areas stay invisible under ultraviolet light, indicating stable 
sequestration of indicator and amine in the coating. 
Image analysis was applied to measure and compare indication 
performance between coatings with different capsule concentrations. An 
indication ratio (IR) of fluorescent pixels (Xf) to total pixels (Xt) was measured for 
each image. To standardize our measurements, indication ratios were 
normalized with Equation 1. Indication ratios were normalized between zero and 
one, where one is the most fluorescent image (Imax) and zero is the least 
fluorescent image (Imin).  
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Successful indication was achieved through even capsule distribution and 
probe reactivity. An equal mass ratio of 5 wt% indicator capsules to 5 wt% amine 
capsules elicited the brightest indication response surrounding the damage 
region (Figure 4.9). An even distribution of both capsule types helped to 
guarantee fluorescence along the entire crack length. A coating with 7.5 wt% 
indicator capsules and 2.5 wt% amine capsules provided good damage 
indication and performed second best. The sensitivity of fluorescamine to primary 
amine allowed one amine capsule to trigger multiple indicator capsules. A 
coating with 2.5 wt% indicator capsules and 7.5 wt% amine capsules provided 
relatively poor indication. While there was an excess of amine capsules to trigger 
indication, many damaged regions did not indicate because the number of 
indicator capsules was insufficient. Good capsule distribution does not increase 
fluorescence since there are not enough indicator capsules. 
Once the optimal ratio of indicator capsule to amine capsule was 
established, a study on the effect of total capsule concentration was performed. 
The capsule ratio was held constant at the optimum 1:1 ratio while varying the 
total capsule concentration from 0 wt% to 15 wt% capsules (Figure 4.10). Fewer 
than 10 wt% total capsules left many areas along the crack length non-
fluorescent, thus providing poor damage indication. Including more than 10 wt% 
capsules did not significantly outperform a coating with 10 wt% capsules. This 
dual capsule system exhibited a plateau effect at ca. 10 wt% capsule loading, 
after which adding more capsules provided no additional increase in performance 
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and could even degrade coating properties. An equal mass ratio of 5 wt% 
indicator capsules and 5 wt% amine capsules provided the best indication 
performance while limiting total capsule loading to 10 wt%. 
 
4.4 Additional Coating Systems 
Commercial coatings contain additives and consist of multiple layers to 
provide a higher level of protection. Thus far, all coatings studied in this thesis 
have been clear, single layer epoxy coatings. Capsules were incorporated into 
two coatings with controlled pigments and multiple layers to study the viability of 
damage indication in these alternate systems. In the first system, 2 wt% carbon 
black pigment was incorporated into the epoxy matrix along with 5 wt% indicator 
capsules and 5 wt% amine capsules. The second coating system consisted of 
two discint layers. The base layer was a clear epoxy that conainted 5 wt% 
indicator capsules and 5 wt% amine capsules. After curing the base layer, an 
acrylic spray paint was used to apply a thin top coat. The top coat measured ca. 
90 μm thick after two applications. The top coat created a red, non-translucent 
layer that covered the damage indicating base layer. Each coating was 
mechanically scratched with a razor blade and visually compared to a clear 
epoxy coating (Figure 4.11).  
The carbon black filled coating performed similarly to a clear epoxy 
coating. Even though the coating was opaque, good mixing in the crack zone 
produced a strong fluorescent response unhindered by pigment in the 
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surrounding epoxy. Hence damage indication is possible even when a pigment is 
incorporated into the matrix. 
The dual layer coating with microcapsules in the base layer performed 
poorly compared to the clear epoxy coating. Although the base layer is exposed 
in the damage zone, fluorescence is muted due to the top layer. This result 
highlights the need for microcapsules to reside in the top layer.  
Both coating types are disadvantaged when compared to clear epoxy in 
that indication is only possible in the damage zone. A clear coating will have 
capsules near the damage zone visibly fluoresce through the coating, thus 
boosting overall indication response. A coating with capsules in the top layer 
performed well while capsules in the base layer did not.  
 
4.5 Composite Impact Results 
Low velocity impact damage in composites has been studied extensively 
due to the inherent difficulty of locating and assessing barely visible damage 
(BVD).44,45 Impacted composite coupons develop matrix micro-cracking, inter-ply 
delamination and fiber damage, all of which reduces the structural properties of 
the composite. In this thesis, we study the ability of our self-reporting coating to 
indicate where impact damage has occurred.  
  Composite coupons were coated on the front and back surfaces with our 
self-reporting system. The damage indicating coating was loaded with a capsule 
5 wt% indicator capsules and 5 wt% amine capsules. Samples were impacted on 
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the front surface with 10 J of energy and imaged with optical and fluorescent 
microscopes. After impact, there is minimal visible damage on the front surface. 
This demonstrates how difficult it is to locate composite impact damage visually 
(Figure 4.12 a, b). The back surface shows considerably more damage than the 
top surface (Figure 4.13 a, b). The back surface clearly shows micro-cracking 
that initiated from the impact center and spread outward. There is also minor 
coating delamination near the impact center. In the field, impact damage is 
difficult to locate because the front surface is typically only visible to an inspector.  
 Significant indication developed on the front surface exactly where the tup 
contacted the coating surface. Good mixing of indicator with amine provided 
autonomous indication on the top surface (Figure 4.12 c, d). Although there 
appears to be more damage on the back surface, the back surface did not 
indicate nearly was well (Figure 4.13 c, d). The micro-cracking on the back 
surface did not allow the two components to mix. There are hints of fluorescence 
in the damage zone, but there is not enough mixing to emit significant 
fluorescence.  
 Although preliminary, these results show that indication of barely visible 
composite impact damage has potential. Significant indication was not present 
on the back surface, yet visual inspection is unlikely on this side. The front 
surface indicated where the tup made contact, causing detectable fluorescence 
in this region.  
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4.6 Figures 
Figure 4.1. Chemical structures of indicating system. (a) Reaction of 
fluorescamine with primary amine to express fluorophore. (b) Triamine based 
curing agent, EPIKURE 3233.42 
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Figure 4.2. Fluorescamine is an indicator that becomes fluorescent in the 
presence of primary amines. (a) Fluorescamine dissolved in EPA before and 
after the introduction of EPIKURE 3233 under white and ultraviolet light (Scale 
bars = 10 mm). (b) Emission spectra of fluorescamine dissolved in EPA before 
and after the introduction of primary amine showing the relative change in 
intensity of fluorescent signal. 
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Figure 4.3. Absorption and emission spectra of fluorescamine and amine 
dissolved in EPA. 
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Figure 4.4. Microscopy images of indicator capsules. (a) Optical and (b) SEM 
images show round, well-formed capsules with UF particulates deposited on 
the surface. (c) SEM image of shell wall cross section. 
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Figure 4.5. (a) Optical and (b) SEM images of hollow capsules with (c) shell 
wall cross section. (d) Optical and (e) SEM images of hollow capsules vacuum 
infiltrated with EPIKURE 3233. 
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Figure 4.6. Dynamic TGA traces for indicator capsules at 10 ºC min-1. 
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Figure 4.7. Dynamic TGA traces for amine capsules at 10 ºC min-1. 
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Figure 4.8. Damage indication performance. Optical images of a scratched 
coating containing 5 wt% indicator capsules and 5 wt% amine capsules. (a) 
Scratch in a coating under white light. (b) Fluorescent image of scratch in a). 
Fluorescent indication helps to easily locate damage. (c) Magnified view 
showing individual indicator capsules and amine capsules under white light. 
(d) Fluorescent image of c) showing details of damage zone. 
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Figure 4.9. Normalized indication intensity of mechanically damaged coatings 
with indicator capsules and amine capsules. Effect of indicator to amine 
capsule ratio while holding total capsule concentration to 10 wt%.  
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Figure 4.10. Normalized indication intensity of mechanically damaged coatings 
with indicator capsules and amine capsules. Effect of total capsule 
concentration with a constant 1:1 ratio of indicator capsules to amine 
capsules. 
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Figure 4.11. A visual comparison of indication response between three 
different epoxy coatings with 5 wt% indicator capsules and 5 wt% amine 
capsules. Optical and fluorescent images of (a,b) a clear epoxy coating, (c,d) 
a coating with carbon black in the matrix and (e,f) a clear epoxy coating 
beneath a colored top coat.   
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Figure 4.12. Damage response and indication performance of composite 
impact coupons on the front surface. (a) Optical image shows little visual 
damage to the coating or composite. (b) Magnified view of a) reveals no 
visible damage. (c) Fluorescent indication clearly shows where impact 
occurred. (d) Magnified view of c) reveals indication response beneath impact 
center.   
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Figure 4.13. Damage response and indication performance of composite 
impact coupons on the back surface. (a) Optical image shows micro-cracks 
propagating from the impact center. (b) Magnified view of a) reveals micro-
cracks and coating delamination. (c) Fluorescent indication does not assist in 
assessing extent of damage. (d) Magnified view of c) reveals no fluorescent 
indication near impact center. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 
 
5.1 Conclusions 
Polymer coatings provide a barrier between metal structures and 
destructive environmental conditions. Smart coatings react to specific external 
triggers to enhance protection of the substrate. In this work, a new smart coating 
capable of indicating mechanical damage was presented. This autonomous 
damage reporting dual capsule system consists of microencapsulated triamine 
based curing agent (EPIKURE 3233) and amine sensitive fluorescent dye 
(fluorescamine) with epoxy resin. When indicator and amine were released and 
interacted in the damage region, a strong blue fluorescence was emitted upon 
excitation with ultraviolet light. Fluorescent indication provided significant contrast 
from the surrounding matrix, allowing for easy identification and evaluation of the 
affected region. 
    The effect of microcapsule concentration on indication performance was 
investigated. The weight percent of indicator and amine capsules was varied in 
the coating while maintaining a total capsule concentration of 10 wt%. Coatings 
were scratched with a razor blade and imaged with a fluorescent microscope for 
comparison. A concentration of 5 wt% indicator capsules and 5 wt% amine 
capsules provided the most consistent result along the crack length.  
Next, total capsule concentration was varied while maintaining a 1:1 ratio 
of indicator to amine capsules. Total capsule loading was varied from 0 wt% to 
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15 wt%. The optimal capsule concentration was found to be 10 wt% for damage 
indication. Below this threshold, many regions along the crack would not 
fluoresce while a higher concentration offered little additional performance 
benefit. 
 Two additional coating systems were created to test indication 
performance in the presence of additives. The first coating contained carbon 
black as a pigment to dye the coating. The coating with carbon black performed 
similarly to a clear epoxy coating when compared visually. The pigment did not 
appear to hinder indication inside of the scratch. The second coating consisted of 
two distinct layers with microcapsules in clear epoxy for the base layer and an 
acrylic spray coat for the top layer. The dual layer coating did not perform well 
when compared to a clear epoxy coating. The top layer blocked fluorescence that 
would otherwise have been visible around the scratch. Indication was possible 
with a pigment inside the coating matrix, however microcapsules need to be in 
the top layer for fluorescence to be visible.  
   Beyond a simple scratch test, an impact test was performed on glass fiber 
composite coupons coated with our self-reporting epoxy coating. The composite 
coupon was coated on both the front and back surfaces before imparting 10 J of 
energy into the coupon. Imaging showed a good fluorescent signal on the front 
surface located where the tup contacted the surface. The back surface had more 
visible damage in the form of micro-cracking and coating delamination but 
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presented little fluorescence. These initial results show that fluorescence can 
locate BVD from the top surface of glass fiber composites.  
 
5.2 Future Work 
This thesis focused on the design, fabrication and evaluation of a smart 
coating that indicated damage. Ideally a smart coating sould perform several 
unique functions that worked in tandem with each other. The combination of 
damage sensing with self-healing is a natural direction to pursue. Jin and 
coworkers39,42 published two papers on self-healing using a dual capsule system 
that was the inspiration for this work. Using a multilayered coating, self-healing 
functionality would be incorporated into the base layer while indication would be 
found in the top layer. Examples of possible self-healing functionality are fracture 
and barrier restoration, corrosion protection and composite impact damage 
mitigation.37 Tailoring the system to the advantage of each function creates a 
coating that assists in locating and mitigating damage autonomously.  
The application of composite materials has become more commonplace in 
recent years. Many industries have recently begun to take advantage of the 
superior properties composites have to offer. Yet for all of their advantages, they 
are highly susceptible to impact damage. Impact damage severely reduces 
structural properties and is difficult to locate. This thesis presented preliminary 
results for the detection of composite impact damage, but more work needs to be 
done. A better understanding of the minimum energy threshold required to trigger 
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fluorescence is essential. Impact damage characterization using ultrasound 
would assist in correlating fluorescent intensity and distribution with volume of 
damage. Variations in composite layup, fiber and matrix material and impactor 
radius should be investigated to simulate specific real world situations. Self-
healing and damage indicating capsules may be incorporated into the composite 
matrix to create smart composites.    
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